A first-principles electron-state calculation is performed to explore the electronic properties of a semiconductor carbon nanotube ͑CNT͒ in a field-effect transistor structure. Field-effect electron/hole doping results in a carrier distribution spread over the whole C-C network of the CNT, while accumulated charges, that explain the electrostatic capacitance C 0 between the CNT and gate electrode, are concentrated in a small part of the CNT facing the gate electrode. We also demonstrate that the density of states structure of the CNT gives substantial bias dependences to the total capacitance C of the system.
I. INTRODUCTION
In the past decade, carbon nanotubes ͑CNTs͒ ͑Ref. 1͒ have attracted a great deal of attention in both the pure and applied sciences due to their unique structural and electronic properties. [2] [3] [4] Their fascinating features open the possibility of fabricating superior nanometer-scale electronic devices, in which the CNTs are key constituent units with conventional materials. Indeed, it has been demonstrated that individual semiconductor CNTs act as field-effect transistors ͑FETs͒, [5] [6] [7] [8] where the CNT composes a hybrid structure with a gate electrode and an intermediate insulator, bridging between the source and drain electrodes as shown in Fig. 1͑a͒ . A current flow along the CNT axis is controlled by applying a gate-bias voltage to the capacitor between the CNT and the gate electrode.
Knowledge about the characteristics of the CNT-FETs is accumulating steadily from experiments. However, little is known of the fundamentals of the electronic properties of the CNTs in the FET structures. Though several model calculations reported the qualitative properties of CNT-FETs ͑Refs. 9 and 10͒ and density-functional calculations are performed for coaxial-cylindrical geometries, [11] [12] [13] it is still unclear how the electronic properties of the CNTs are modulated under an electric field in a capacitor structure consisting of the CNT placed over the gate electrode. In particular, quantitative discussions on the distributions of carriers injected by a gatebias application and the capacitance between the CNT and the planer gate electrode have not yet been addressed from first principles. The purpose of this work is to unravel these two issues closely concerned with the fundamental function of the CNT-FETs and to provide theoretical knowledge on the electronic properties of the CNT in the CNT-FET structures by using a first-principles electron-state calculation.
In the present work, we perform a first-principles electronic-structure calculation of a semiconducting ͑7,0͒ CNT placed above a gate electrode. Our calculations reveal that the field-effect doping results in a carrier distribution, i.e., highest-occupied ͑HO͒ or lowest-unoccupied ͑LU͒ state wave functions just on the Fermi level, spread over the whole C-C network of the CNT. This indicates that the current between the source and drain electrodes flows through the whole cross section of a CNT. In sharp contrast, the accumulated charges in the CNT, which determines the electrostatic capacitance of the system, are found to be concentrated in a small part of the CNT facing the gate electrode, according to the dielectric polarization of all of the electron states below the Fermi level. Further analyses clarify that the total capacitance of the CNT-FET system strongly depends on the density of states ͑DOS͒ structure of the CNT.
II. MODEL AND METHOD
We simulate a ͑7,0͒ CNT capacitor with a planer gate electrode. Figure 1͑b͒ shows our structural model. The gate electrode is modeled by a uniformly charged sheet with 0.2 Å thickness. The gate electrode is separated from the CNT by an 8.5 Å vacuum region in our model. The ͑7,0͒ CNT is semiconducting before the carrier injections and its band-gap width calculated is ⑀ G = 0.23 eV. To simulate the field-effect carrier doping, we inject extra electrons/holes ͑ϯQ͒ into the CNT and distribute counter charges ͑ϮQ͒ on the gate electrode. A gate electrode with a constant potential and an infinite DOS value is approximately described by this model. The extra electrons/holes shift the electrostatic potential level of the CNT and that of the gate electrode in opposite directions, so that a gradient of the potential, corresponding to the externally applied electric field, exists in the vacuum region between the CNT and the gate electrode. We calculate the distribution of the carriers ⑀ F ͑r͒ and that of the accumulated charges ⌬ −Q ͑r͒ under this electric field. The electric field is perfectly screened by the CNT in our model, as we put exactly the opposite charge on the CNT ͑ϯQ͒ and on the gate electrode ͑ϮQ͒.
We use the three-dimensional periodic boundary condition in the present work. We place a pair of CNT-electrode systems back to back in the unit cell ͓Fig. 1͑c͔͒ to eliminate dipole-dipole interactions among the cells induced by the stacking structure of the charged CNT ͑−Q͒ intercalated by the charged electrodes ͑+Q͒. A CNT and its mirrors are separated by at least 7 Å in the x direction and 12 Å in the z direction, which ensures negligible wave-function overlapping between the neighboring CNTs. We perform a firstprinciples electron-state calculation with the local-density approximation ͑LDA͒ ͑Refs. 14 and 15͒ in the framework of the density-functional theory ͑DFT͒. 16 We use ultrasoft pseudopotentials 17 and a plane-wave basis set with the cutoff energy chosen as 36 Ry. The Kohn-Sham equation 18 is solved by using the conjugate-gradient ͑CG͒ minimization technique. Ionic configurations are also optimized by performing the CG minimization at Q =0 ͑zero-bias condition͒. For the charged states, we fix the atomic structure of the CNT as that obtained under the zero-bias voltage. All the computations have been done using the TAPP program package. 19 We use the notation of e = 1 in the following descriptions.
III. RESULTS AND DISCUSSIONS
Figures 2͑a͒ and 2͑b͒ show the carrier distributions ⑀ F ͑r͒ on the CNT, projected onto the cross section perpendicular to the tube axis. The CNT is injected with −Q = −1.8 ϫ 10
−3 e / atom extra electrons in Fig. 2͑a͒ and 1.8 ϫ 10
−3 e / atom holes in Fig. 2͑b͒ , respectively. The corresponding bias voltage between the CNT and the gate electrode is ͑a͒ 1.59 V and ͑b͒ −1.56 V for the electron and hole dopings, respectively. The carrier distribution corresponds to the charge density near the CNT's Fermi level ⑀ F and is calculated by
͑1͒
The results indicate that the conducting channels along the tube axis, which is opened under the field-effect carrier doping, are spread over the whole C-C network of the CNT almost isotropically, although the electric field exists between the CNT and the gate electrode when Q 0.
Left panels in Figs. 3͑a͒-3͑c͒ show the DOS spectrum of the CNT together with the Fermi level of the CNT ⑀ F and that of the gate electrode ⑀ F gate , under the gate-bias voltage of ͑a͒ = 1.59 V, ͑b͒ = −1.56 V, and ͑c͒ = 0, respectively. Here, is defined by = ⑀ F − ⑀ F gate . We assume that the Fermi levels of the CNT ͑⑀ F ͒ and that of the gate electrode ͑⑀ F gate ͒ are located at the middle of the band gap of the CNT when =0 ͓Fig. 3͑c͔͒. For all the charged states ͓Figs. 3͑a͒-3͑c͔͒, energies are measured from the Fermi level ⑀ F gate of the gate electrode placed at z = 0. Since the electron/hole injection into the CNT shifts the Fermi level ⑀ F of the CNT upwards/ downwards into the lowest/highest branch of the conduction/ valence band ͓Figs. 3͑a͒ and 3͑b͔͒, the distributions of the carriers ⑀ F ͑r͒ reflect the wave functions of the LU state in Fig. 2͑a͒ and the HO state in Fig. 2͑b͒ , respectively. Even under the bias voltage, the electronic structure of the CNT rather preserves their characteristics at the zero-bias voltage, which results in the carrier distribution spread over the whole C-C network of the CNT almost isotropically. Indeed, the calculated DOS under the gate-bias voltage of about Ϯ1.6 V exhibits a rigid-band nature 20 except for their energy shift with respect to the Fermi level of the gate electrode ⑀ F gate , possessing almost the same characteristics as that obtained at the zero-bias voltage ͓Figs. 3͑a͒-3͑c͔͒. Figure 4 shows the capacitance C͑ϵdQ / d͒ between the CNT and the gate electrode, calculated as a function of the bias voltage . We observe that the capacitance C͑͒ shows substantial bias dependences. The capacitance C is zero when the bias is in the range of −⑀ G / 2 Ͻ Ͻ ⑀ G / 2. The capacitance increases steeply when increasing or decreasing the bias voltage, possessing maxima just above ͑ = ⑀ G / 2͒ and below ͑ =−⑀ G / 2͒ the zero region. Further increasing ͑ Ͼ ⑀ G / 2͒ or decreasing ͑ Ͻ −⑀ G / 2͒ the bias voltage, the capacitance decreases gradually. The maxima of the capacitance C corresponds to the Fermi level ⑀ F just on the van Hove singularities in the DOS spectrum, and the band-gap width ⑀ G ͑=0.23 eV͒ of the ͑7,0͒ CNT coincides with the width of the zero-capacitance region. These results infer that the capacitance C͑͒ reflects the electronic structures of the CNT besides the usual electrostatic capacitance C 0 .
Actually, as shown in the left and right panels in Figs. 3͑a͒ and 3͑c͒ ͓Figs. 3͑b͒ and 3͑c͔͒, the bias voltage consists of an energy shift ͑U͒ of the CNT's Fermi level ⑀ F within the DOS spectrum of the CNT after the electron/hole ͑−Q͒ accommodation and an electrostatic energy shift ͑V͒ of the CNT's whole DOS spectrum with respect to the Fermi level ⑀ F gate of the gate electrode
This electrostatic shift V of the whole DOS spectrum is consistent with the potential shift ⌬V −Q ͑r͒ induced between the CNT and the gate electrode in the sense that
Here, −Q ͑r͒ is the total electron density in the CNT and ⌬V −Q ͑r͒ is the induced potential calculated by ⌬V −Q ͑r͒ = V −Q ͑r͒ − V 0 ͑r͒, where V −Q ͑r͒ and V 0 ͑r͒ are the total potentials with and without injecting the extra electrons/hole into the CNT, respectively. The right panels of Figs. 3͑a͒-3͑c͒ show the induced potential ⌬V −Q ͑r͒, calculated under the gate-bias voltage of ͑a͒ = 1.59 V, ͑b͒ = −1.56 V, and ͑c͒ = 0, respectively. As the electrostatic component is dominant in ⌬V −Q ͑r͒, we can regard V as the electrostatic shift. A slight influence of the exchange-correlation potential can be observed as a small singular behavior of ⌬V −Q ͑r͒ at z ϳ 4Å in the right panels of Fig. 3͑a͒ and 3͑b͒ .
From Eq. ͑2͒, the capacitance C is divided as
We thus understand that the DOS of the CNT at the Fermi level, D͑=dQ / dU͒, indeed contributes to the total capacitance C. This explains the substantial bias dependences of the capacitance observed in Fig. 4 . The electrostatic capacitance C 0 ͑=dQ / dV ϳ 1.4ϫ 10 −8 pF/ nm͒, which shows almost no bias dependences, is also drawn by a dashed line in Fig. 4 . From Eq. ͑4͒, we summarize the asymptotic behavior of the capacitance. In a case of a large DOS limit, corresponding to the Fermi level ⑀ F of the CNT at the van Hove singularities, the capacitance C is almost composed of the electrostatic capacitance C 0 . On the other hand, for a small DOS region, the DOS value D is dominant in determining the capacitance C, so that the capacitance C is remarkably sensitive to the DOS spectrum.
The electrostatic capacitance C 0 ͑=dQ / dV͒ also gives a qualitative discussion on the distribution of the accumulated charge in the CNT through a comparison to a parallel-plate capacitor in the classical electromagnetism. In a parallelplate capacitor, an interplate distance of d ϳ 8 Å results in the electrostatic capacitance of 1.4ϫ 10 −8 pF/ nm, which is an identical value with that of the present CNT-FET ͑ϵC 0 ͒. As the axis of the CNT is located at ϳ11 Å͑Ͼd ϳ 8 Å͒ from the gate electrode in our model ͑see Fig. 5͒ , it is suggested that the accumulated charge is substantially concentrated in a small part of the CNT facing the gate electrode. To corroborate this point, in Fig. 5 , we show the distribution of the accumulated charge ⌬ −Q ͑r͒ calculated by
where −Q ͑r͒ and 0 ͑r͒ are the total electron densities with and without extra electron/hole injections into the CNT, respectively. The bias voltage between the CNT and the gate electrode is 1.59 V in Fig. 5͑a͒ and −1.56 V in Fig. 5͑b͒ , respectively. We actually find that ⌬ −Q ͑r͒ is concentrated in a small part of the CNT facing the gate electrode both when the CNT is doped with electrons ͓Fig. 5͑a͔͒ and holes ͓Fig. 5͑b͔͒, respectively. We thus find that these distributions of the accumulated charges indeed explain the calculated value of the electrostatic capacitance C 0 between the CNT and the gate electrode. The distributions of the accumulated charge ͓⌬ −Q ͑r͔͒ are completely different from the carrier distributions ͓ ⑀ F ͑r͔͒ in Figs. 2͑a͒ and 2͑b͒. These distributions of the accumulated charge ⌬ −Q ͑r͒ also result in a rapid screening in the induced potential ⌬V −Q ͑r͒ near the small part of the CNT facing the gate electrode, as is shown in the right panels of Figs. 3͑a͒ and 3͑b͒. We finally explain why the distribution of the accumulated charge ⌬ −Q ͑r͒ ͓Figs. 5͑a͒ and 5͑b͔͒ is substantially different from that of the carrier ⑀ F ͑r͒ ͓Figs. 2͑a͒ and 2͑b͔͒, though they are obtained simultaneously at the same bias voltage . As we have already mentioned, the carrier distribution ⑀ F ͑r͒ reflects the wave functions of only the LU and HO states of the CNT around the Fermi level. Conversely, the distribution of the accumulated charge ⌬ −Q ͑r͒ includes the deformations of the wave functions of all the occupied electron states below the Fermi level that are not directly involved in the extra electron/hole accommodations. Though such a deformation of each one-electron wave function is much smaller than the wave function itself and thus the rigid-band picture holds ͓Figs. 3͑a͒-3͑c͔͒, the total sum of the deformations, i.e., dielectric polarization, [11] [12] [13] 24 is sufficiently large to give the substantial differences between the distribution of the accumulated charge ⌬ −Q ͑r͒ and that of the carrier ⑀ F ͑r͒ in the CNT-FET structures. We have analyzed the contributions to ⌬ −Q ͑r͒ from each band in detail, finding that the contributions from the bands are more effective than those from the bands.
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IV. CONCLUSION
In summary, we have investigated the field-effect carrier doping into a ͑7,0͒ CNT placed above a gate electrode. Under a finite gate-bias voltage, the carrier distribution ⑀ F ͑r͒ remains spread over the whole C-C network of the CNT almost isotropically, while the accumulated charge ⌬ −Q ͑r͒, which explains the electrostatic capacitance C 0 between the CNT and the gate electrode, is substantially concentrated in a small part of the CNT facing the gate electrode. This difference is ascribed to the dielectric polarization of all of the electron states below the Fermi level, which is contributing only to the latter. We have also demonstrated that the total capacitance C shows substantial bias dependences, reflecting the DOS structures D of the CNT as 1 / C =1/ C 0 +1/ D.
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